The gp41 transmembrane domain (TMD) of the envelope glycoprotein (Env) of the human immunodeficiency virus (HIV) modulates the conformation of the viral envelope spike, the only druggable target on the surface of the virion. Understanding of TMD dynamics is needed to better probe and target Env with small molecule and antibody therapies. However, little is known about TMD dynamics due to difficulties in describing native membrane properties. Here, we performed atomistic molecular dynamics simulations of a trimeric, prefusion TMD in a model, asymmetric viral membrane that mimics the native viral envelope. We found that water and chloride ions permeated the membrane and interacted with the highly conserved arginine bundle, (R696) 3 , at the center of the membrane and influenced TMD stability by creating a network of hydrogen bonds and electrostatic interactions. We propose that this (R696) 3 -wateranion network plays an important role in viral fusion with the host cell by modulating protein conformational changes within the membrane. Additionally, R683 and R707 at the exofacial and cytofacial membrane-water interfaces, respectively, are anchored in the lipid headgroup region and serve as a junction point for stabilization of the termini. The membrane thins as a result of the tilting of the TMD trimer, with nearby lipids increasing in volume, leading to an entropic driving force for TMD conformational change. These results provide additional detail and perspective on the influence of certain lipid types on TMD dynamics and rationale for targeting key residues of the TMD for therapeutic design. These insights into the molecular details of TMD membrane anchoring will build towards a greater understanding of dynamics that lead to viral fusion with the host cell.
Introduction
More than 36 million people worldwide currently live with human immunodeficiency virus (HIV), and a vaccine remains elusive (1) . The sole antigenic target on HIV is the trimeric envelope glycoprotein (Env), which is comprised of heterodimeric subunits that include a surface glycoprotein (gp120) and a transmembrane glycoprotein (gp41) (2) . Env mediates the entry of HIV into target cells through a cascade of conformational changes upon binding host cellular receptors (2) . Briefly, Env first binds the CD4 receptor (3), leading to a global conformational shift of Env from the prefusion closed state to the activated open state, characterized by large rearrangements of the surface exposed glycoprotein regions in the ectodomain (4, 5) . Binding of open state Env to either chemokine co-receptor, CCR5 or CXCR (4, 6, 7) , leads to the formation of a six-helix transmembrane bundle that drives viral fusion with the host cell membrane (8, 9) . Unbound Env samples the thermodynamic landscape between the prefusion closed state and the activated open state, hindering the ability to rationally design a broadly neutralizing vaccine (10) (11) (12) (13) (14) (15) (16) . In addition to differences in dynamics due to mutations in the surface exposed ectodomain, conformational coupling of the gp41 transmembrane domain (TMD) to the ectodomain affects the dynamics and therefore antigenicity of Env (17, 18) . Thus, elucidating the dynamics of the Env gp41 TMD may aid in engineering novel immunogens that elicit potent and broadly neutralizing antibodies (19) (20) (21) .
The highly conserved gp41 TMD transmembrane domain (TMD) of Env ( Figure  1 ) is anchored in a cholesterol-rich lipid bilayer (22) that is flanked by the membrane proximal external region (MPER) on the exofacial leaflet and the cytoplasmic tail (CT) on the cytofacial leaflet. In the prefusion state, either one (23) or three (21, 24, 25) single-pass α-helices span the membrane ( Figure 1A ). Previous studies have proposed that either oligomeric contacts (21, 24) or head group snorkeling (23) stabilizes an internal arginine, R696, which is buried in the membrane (21) . Additionally, studies purport that a GxxxG motif in the TMD either stabilizes the trimer interface or acts as a signaling domain (26, 27) . Despite this information and the importance of the TMD to HIV rational drug design, little is known about the dynamics of the TMD and its interactions within the HIV viral membrane, stimulating the present study. All-atom molecular dynamics (MD) simulations offer a robust approach to reveal the dynamics of the TMD and its effect on membrane biophysical properties. However, previous MD simulations of the TMD were limited by the structural information that was available at the time of simulation, including factors such as the initial protein conformation, membrane composition, oligomeric state, R696 protonation state, and simulation duration (28) (29) (30) (31) . Prior TMD MD models were either derived by homology modeling using the HIV transmembrane viral protein U (Vpu) as template (28) (29) (30) or from a 20amino acid transmembrane de novo model (31) rather than the recently published trimeric NMR TMD structure (21) which was used in this study. Previous simulations that used monomeric transmembrane models (28) (29) (30) lack quaternary contacts that are believed to stabilize the internal arginine (R696) (21, 24, 25) . Furthermore, previous MD simulations were limited in sampling and membrane composition and were therefore unable to reveal the complex properties of the membrane components and their effect on TMD dynamics (28) (29) (30) (31) . More recently, discussion has formed around the ability of the TMD to exist in reconstituted bicelles as a monomer (23) and the potential role of key arginine residues in stabilizing either a monomeric or a trimeric transmembrane structure (24) . The positioning, dynamics, and relationship between lipid type and protein conformational change are of current interest given these recent findings and can be further explored in more atomistic detail with MD simulations. Herein, we conducted MD simulations that closely represent the native viral membrane by explicitly modeling membrane lipid composition and asymmetry. We postulated that such an approach would provide novel information relevant to the atomistic and molecular dynamics that occur in this TMD, as influenced by the membrane environment, and serve as a basis for future simulations as more membrane associated structures are solved.
Methods

Sequence Analysis
Aligned envelope glycoprotein sequences from the HIV-1 M group were obtained from the Los Alamos HIV Database (http://www.hiv.lanl.gov/). Regions corresponding to the NMR TMD structure (from HIV-1 strain 92UG024.2 -PDB ID: 5JYN (21)) indices (database aligned indices 1242-1287) were parsed. The total dataset contained 6114 sequences. Sequence identity was analyzed with the Schrodinger Suite v2017-1 (32). We specifically focused on the HIV-1 virus, and the M group strain, which is responsible for the majority (M) of the global HIV epidemic (33) .
System Construction and MD Simulations
The cholesterol-containing phospholipid membrane system was created with the replacement method using the Membrane Builder module (34, 35) in the CHARMM-GUI interface (36, 37) to model the composition of the cholesterol-rich native HIV membrane (22) (Table 1 ). Due to the absence of plasmalogen lipid parameters in the CHARMM36 force field, a polyunsaturated fat, 1-stearoyl-2-docosahexaenoyl-snglycerophosphoethanolamine (SDPE), was used as a surrogate for plasmenylethanolamine (38) . Prior work showed that there are similarities in simulation properties (density, thickness, deuterium order parameters) between a diacyl lipid and the corresponding plasmalogen (39) . A 2.25-nm layer of water was placed on the exofacial and cytofacial leaflets of the lipid bilayer, resulting in a lipid hydration of approximately 46 waters per lipid. All MD simulations used the GROMACS software package, version 2016.3 (40, 41) . The CHARMM36m force field was applied to the proteins and CHARMM36 parameters for lipids (42) (43) (44) . The CHARMM-modified TIP3P (45) (46) (47) water model was used, and each system contained 150 mM NaCl, including neutralizing counterions. Ions were placed in the box randomly within the water. Standard CHARMM ion parameters were employed (48, 49) .
Each system was energy-minimized using the steepest descent method. Following energy minimization, equilibration was performed using the standard Membrane Builder protocol (35, 37, 50) , in which restraints on selected non-hydrogen atoms were slowly relaxed throughout equilibration steps. Briefly, the first phase of equilibration was carried out under an NVT ensemble for 50 ps with an integration time step of 1 fs using the Berendsen weak coupling method (51) to maintain temperature at 310 K. During this time, restraints on phospholipid P atoms and the cholesterol O3 atoms were applied with a force constant of 1000 kJ mol -1 nm -2 . Following NVT equilibration, NPT equilibration was performed for a total of 325 ps, with the initial 25 ps carried out with a 1-fs time step and the remaining 300 ps with a 2-fs time step. During this phase, position restraints on the lipids were relaxed from 400 kJ mol -1 nm -2 to 0 kJ mol -1 nm -2 . During NPT equilibration, pressure was maintained at 1 bar, semi-isotropically using the Berendsen weak coupling method (51) . Following equilibration, production simulations were carried out in the absence of any restraints using the Nosé-Hoover (52, 53) thermostat and Parrinello-Rahman (53, 54) barostat to maintain temperature and pressure at 310 K and 1 bar, respectively. The fourth-order P-LINCS algorithm (55) was employed to constrain the lengths of bonds involving hydrogen atoms, allowing an integration time step of 2 fs. A buffered neighbor list was maintained with the Verlet method in GROMACS with a minimum cutoff of 1.2 nm for all nonbonded interactions. Electrostatic forces were calculated using the smooth particle mesh Ewald (PME) method (56, 57) using cubic interpolation, a Fourier grid spacing of 0.16 nm, and a real-space cutoff of 1.2 nm. Van der Waals forces were computed with the Lennard-Jones equation and smoothly switched to zero from 1.0 -1.2 nm. Periodic boundary conditions were employed in all three spatial dimensions. 
The membrane was simulated for 200 ns, after which time the trimeric NMR structure of the HIV-1 92UG024.2 strain gp 41 TMD (PDB ID: 5JYN (21)) was aligned along the membrane normal using LAMBADA (58) . Lipids having any atom within 1.4 nm of the C atoms of the protein were removed using the InflateGRO method (59), modified in-house to accommodate multiple lipid types. The final membrane composition following protein insertion and lipid deletion is given in Table 2 . Water molecules inside of the lipid bilayer were removed with an in-house script prior to minimization and equilibration using the protocol described above. For simulations containing the TMD trimer, position restraints were applied to all protein non-hydrogen atoms with a force constant of 1000 kJ mol -1 nm -2 . The final contents and dimensions of all systems are shown in Table 3 . Both systems (TMD-membrane and membrane-only) were simulated for 1.5 μs, and the TMD system was simulated in triplicate for a total of 4 production MD trajectories (three replicates of TMD-membrane trajectories totaling 4.5 μs and one control membrane-only trajectory totaling 1.5 μs). Area per lipid and bilayer thickness were calculated with GridMAT-MD (60) using a 200x200 grid for snapshots extracted at 1-ns intervals over the final 250 ns of simulation time. Tutorials and simulation input files can be found at our Open Science Framework page (https://osf.io/82n73/). 
MD Trajectory Analysis
Visual analysis and rendering was conducted with PyMOL (61), Chimera (62), and VMD (63) . The final 250 ns from each trajectory, representing the equilibrated timeframe needed for membrane stabilization following TMD insertion (Figures S1-S2). Root-mean-square-deviation (RMSD) clustering was performed used the method of Trajectory data were analyzed with GROMACS (40, 41), CHARMM (60) , and inhouse scripts. Hydrogen bonds between each TMD amino-acid sidechain and either water or lipid atoms were identified with the following criteria: 0.35-nm donor-acceptor heavy-atom distance and 30 hydrogen-donor-acceptor angular cutoff. Calculations were performed separately on each protein chain, and these data were combined to calculate averages and standard deviations across all three replicates.
To characterize the partitioning of water and ions into the membrane, the position of each water molecule or chloride ion relative to the TMD trimer was computed by calculating the z-coordinate of the center-of-mass (COM) of amino-acid C atoms at every fourth position along the membrane-spanning segment (residues 683-707). Any water oxygen atom or chloride ion that fell between the z-coordinate of the first and fourth residue of a given segment was recorded as occupying that vertical of the system.
Dynamics at the N-and C-termini were described by calculating the distances between each protein chain over time. The COM of residues R683 to I686 was used to describe the N-terminus, whereas the COM of residues L704 to R707 was used to describe the C-terminus. Each selection represents one full helical turn on the N-and Cterminal sides of the transmembrane domain. These distances were compiled into running averages over 1-ns blocks from snapshots saved every 10 ps.
To describe the distribution of lipids around each protein chain, radial distribution functions (RDF) were calculated relative to each protein chain independently. RDF were constructed for any lipid atom around any protein non-hydrogen atom.
Lipids were further characterized by their acyl chain tilt and molecular volume using CHARMM (60) . To define tilt, a vector was constructed from the third carbon atom in the acyl chain to the carbon atom at the n-3 position. Doing so removes the influence of bending that occurs at the ester carbon atom (position 1 in the chain) and gauche con-formational sampling that occurs at the terminal methyl group. The angle between this vector and the z-axis (corresponding to the membrane normal) was used to define acyl chain tilt. For each lipid, molecular volume was computed by constructing a Connelly surface around each lipid, with a water probe radius of 0.14 nm. The resulting volume enclosed by this surface was the molecular volume.
Results and Discussion
To gain a greater understanding of the interplay between the HIV gp41 TMD and a viral membrane, we performed extensive MD simulations of the TMD trimer in a heterogeneous, asymmetric membrane. While it has been recently observed that a highly conserved arginine residue (R696) is a mediator of water exchange in the TMD trimer (24) , we sought to further analyze the dynamics and movement of water, and potentially ions, into the trimer core. Additionally, we sought to provide further insight into the role of the highly conserved, positively charged residues that sit at the membrane-water interfaced based on the recent NMR structure (PDB ID: 5JYN). We specifically focused analysis on the dynamics of conserved TMD residues and the interactions of these residues with the membrane. By performing the longest simulations to date of the TMD trimer in a near-native viral membrane, we sought to resolve atomistic, biophysical questions related to the (i) influence of highly conserved, positively charged residues in the MPER (R683) and CT (R707) on water permeation and trimer stability, (ii) dynamic movements of the trimer complex relative to the flexible CT region, and (iii) effect and degree to which specific lipids contribute to trimer stability and conformational change.
Dynamics of the TMD
The balance of interactions among the TMD, water, and membrane lipids has strong implications on the dynamics of the TMD trimer. To characterize these interactions, we computed the number of hydrogen bonds formed between each amino acid sidechain in the TMD with either water or each lipid type (Figure 2A,B and Figures S3  and S4 ). R683 is located at the interface of the exofacial leaflet and water, and consequently formed hydrogen bonds with both water molecules and lipid headgroup atoms. R683 consistently maintained a large number of hydrogen bonds with water molecules over the entire duration of the simulation (Figure 2A ), whereas R683 participated in few hydrogen bonds with lipids over the final 250 ns ( Figure 2B ). We also observed that R683 sampled a very narrow range of positions along the z-axis ( Figure 2C ), indicating its preference to maintain water interactions over lipid contacts. Across all three individual R683 residue positions of each peptide in the trimer and in all three simulations, we observed that R683 formed approximately 9  2 hydrogen bonds with water throughout the entire simulation (Figure 2A ), supporting its role in being solvent-exposed and therefore accessible for binding antibodies and other therapeutics. Indeed, this interfacial positioning of R683 and its role in modulating interactions at the membrane interface is supported by studies of MPER-binding antibodies, such as 4E10 (65) and DH511.2 (66) , which also bind to residues and lipids on the exofacial interface region. Hydrogen bonding of R683 sidechain to lipid headgroups in the exofacial leaflet increased from zero to two interactions each with both PSM and POPC over the course of the simulation, for a total of approximately 4 hydrogen bonds between all R683 residues of the trimer and lipids. This hydrogen bonding network at the exofacial interface suggests the combined effect of water and lipid hydrogen bonding to R683 maintains the position of the TMD trimer with binding to lipid headgroups as secondary. The large, positively charged sidechain of arginine is advantageous in this position, as the guanidinium moiety can simultaneously form hydrogen bonds to lipid phosphate groups and interfacial water molecules. To characterize the proximity of R683 to the membrane-water interface, we analyzed the distribution of guanidinium center-of-mass (COM) coordinates along the z-axis relative to exofacial lipid (POPC and PSM) P atoms. We found that the guanidinium moieties buried themselves ~0.1 nm below the phosphate groups ( Figure  S5 ). As a result of these interactions, positional fluctuations in the backbone at R683 were diminished relative to the flexible N-terminal residues ( Figures 2D and S6 ). While no mutations were assessed in the present study, Yi et al. (67) performed alanine mutagenesis throughout the MPER region (residues 660-683) in both a CXCR4 co-receptor utilizing strain (HXB2) and a CCR5 utilizing strain (JRFL) of HIV. Based on our sequence comparison, lysine is 80% conserved at position 683 across the 6114 sequences of the HIV-M group analyzed ( Figure 1B) , with an arginine residue at position 683 in the strain explored in this study (92UG024.2). Mutation of K683 to alanine in both the HXB2 and JRFL strain influenced viral entry, with either complete abolishment (HXB2) or diminished (JRFL) viral entry. This suggests that mutations at position 683 are influential to viral entry and are strain-specific, showing distinct sensitivity at this residue position Interestingly, a similar effect was observed at several preceding residues (L679, W680, and Y681) (67) . These residues sit at the membrane-water interface and interacted less extensively with lipids, but did interact with water molecules (Figure 2A,  B) . Combined, these data support the hypothesis that positive charge is a key requirement at position 683 in the 92UG024.2 strain. Positive charge is necessary for solventaccessibility and anchoring at the membrane-water interface, facilitating trimer positioning and HIV fusion. The interactions of R683 with water and lipid headgroups in our simulations show that a positively charged residue at this position forms a network of membrane-protein and membrane-water interactions to anchor the position of the TMD and promote conformational rigidity at the exofacial interface (Figures 2 and S6) . The presence of a positively charged residue at position 683 could therefore be influential in modulating water at the extracellular membrane-water interface. Thus, conserved, charged residues in the MPER region may present a promising epitope for therapeutic design against HIV envelopes.
On the cytofacial face of the membrane, we observed a combined 8  1 hydrogen bonds between water and the R707 residue of all three peptides (Figure 2A ). These hydrogen bonds were preserved over the duration of the simulation, and increased hydrogen bonding with the headgroup of SOPS over time also was observed (from 1.0 ± 0.5 over 0-250 ns to 3 ± 1 over the last 250 ns). The advantageous positioning of R707 allows principal interactions with water and secondary interactions with the negatively charged headgroups of SOPS. This outcome is similar to our findings with R683, indicating that arginine serves a general role in forming networks of interactions among the protein, lipids, and interfacial waters. Additionally, R707 is positioned at the junction of the comparatively rigid TM region and more flexible C-terminal residues ( Figure 2D) , and its interactions with water and SOPS restrict its conformational freedom at the membrane-water interface ( Figure 2C , arrow at position 707). Residues 708-716 sample greater z-coordinate space than 707, indicating that R707 maintains the structural positioning of the TMD trimer. We propose that R707 anchors into the lipid headgroup region to facilitate and stabilize the membrane-water interface, while allowing portions of the CT to fluctuate ( Figures 2C and S6) to cause the passage of water and ions into the core of the structure (see below). We also observed that N706 forms some hydrogen bonds with water (4 ± 1), albeit fewer than R707 (8 ± 1, Figure 2A ). Hydrogen bonding between N706 and PE-containing (SDPE, POPE) lipid headgroups was also observed to a lesser extent, with approximately 1 interaction being transiently observed over the duration of the simulation ( Figure S4 ). Functional studies have shown that the N706A mutant has impaired fusion and infectivity, and an R707G mutant was fusion-deficient (21, 68) . N706 and R707 are thus key in cytofacial leaflet anchoring and ultimately viral function. These data suggest that R707 plays a primary role in modulating protein-water interactions, with N706 acting as an additional contributor in positioning of the Cterminal region at the membrane-water interface.
We subsequently explored the conformational sampling of the three -helices of the TMD relative to each other. Using the interfacial boundaries established previously, we measured the COM distance between MPER (towards the N-terminus of each peptide, Figure 1A ) and CT residues (towards the C-terminus) of each pair of helices (Figure S7) . The inter-helical distances at the MPER and CT sequences reflect the differing ability of these regions to open and allow the entry of water and ions into the trimer core (see below). The MPER region remains very stable and tightly packed with stable COM distances between neighboring peptides (~1.2 nm), consistent with experimental observations of the known α-helical character of MPER peptides (65), residue-specific NMR relaxation rates (24) , and the observed flexibility of CT residues 707-751 (69) . Minor increases in COM distance were observed in the MPER region, persisting for at most 100 ns before returning to a tightly packed state ( Figure S7 ). Additionally, the MPER residues of the TMD manifested limited diffusion along the z-axis, as noted above for R683 ( Figure 2C ), suggesting a more packed, rigid helical bundle at the exofacial membrane interface.
In contrast, residues in the CT region exhibited rapid opening, which was maintained for long periods of time in each simulation ( Figure S7 ). Typical increases in COM distance were on the order of 0.5 -0.8 nm, typically involving one helix moving relative to the other helices. Opening of the trimeric bundle was a result of kinking of the CT half of the TMD (residues 695-707), ( Figure S8 ). Fluctuations in the kink angles relative to the membrane normal (z-axis) corresponded to opening and closing events between CT residues of neighboring peptides (Figures S7 and S8 ). Simultaneous increase in kink angle between two neighboring peptides resulted in increased COM distance in these pairs, while opposing kink (e.g. one peptide straightened while the other kinked) resulted in no change in COM distance ( Figure S8) . Thus, the previously noted fluctuation at the C-terminal end of the TMD results from bending of the -helices relative to the membrane normal.
The agreement of these MD simulations with experimental observations validates our approach and extends these observations by providing a molecular basis for the key interfacial stabilization roles of arginine residues R683 and R707. The above data rationalize the positioning of key arginine residues at the membrane-solvent interface, as well as providing evidence of differences in the dynamics of the two termini, ultimately connecting trimer structural stabilization with the ability to facilitate water and chloride permeation into the TMD
Water and ion permeation into the TMD trimer
Arginine residues at position 696 are highly conserved ( Figure 1B) and located at the bilayer core, motivating the present study. Strikingly, water molecules quickly partitioned into the trimer core to form hydrogen bonds with all three R696 residues ( Figure  2A ). Hydrogen bonding between water and any other residue in the TMD was negligible, and R696 did not participate in hydrogen bonding interactions with lipids ( Figure  2B ). Based on this observation, which requires water molecules to enter the membrane, water molecules and chloride ions were assessed for their potential to penetrate the lipid bilayer (Figure 3) . The membrane-spanning region was defined in terms of the protein, with cross-sections defined as the z-coordinate of the C atoms of four consecutive residues, spanning the entire TM region (residues 683-707). The z-coordinate of each water oxygen atom or chloride atom were recorded, and if they fell between the maximum and minimum z-coordinate of the chosen four-residue segment, they were counted as occupying this membrane-spanning region. In this way, it was possible to track the accumulation of water in the TM region. Results of water and chloride ion counting are shown in Figure 3A,B . A large number of water molecules were observed at z positions within R683-I687 and S703-R707, though these include water molecules at the membrane-water interface, thus not bound within the TMD helix bundle. Water molecules accumulated within the trimer core ( Figure 3A ), though these water networks were not continuous throughout the trimer core ( Figure 3C ). Amino-acid residues in the middle of the sequence disrupted the water network. These findings are consistent with recent hydrogen-deuterium exchange experiments, wherein D 2 O permeated through the cytofacial side of the TMD but was blocked by the hydrophilic core above R696 (24) . These findings were consistent across the three replicate simulations ( Figure S9) .
Similarly, chloride ions diffused into the hydrated protein trimer core. On average, two ions were bound in the vicinity of R696 ( Figure 3B,C) . These ions tended to associate with R696, thereby offsetting the concentrated positive charge that arises from the proximity of the three R696 residues. It is notable that the chloride ions had a strong preference for this environment, as few, if any, chloride ions were observed at any other position within the TM region ( Figure 3B ). Water and ions z-coordinate position sampling over the last 250 ns of each simulation are shown in Figures S10 and S11.
Previous MD studies showed that buried arginine and lysine residues, like R696, often facilitate the formation of such water networks; however, arginine residues can form more extensive water networks than lysine residues due to their chemical structure, as the guanidinium moiety can participate in a greater number of simultaneous hydrogen bonding interactions (70, 71) . Across HIV-1 M group strains, R696 is 98.2% conserved (6005 sequences), whereas K696 is observed in 1.68% percent of strains (103 sequences, Figure 1C ). Thus, a positively charged residue is almost completely conserved at this residue positions. Only three HIV strains used in the conservation scoring do not have a positive residue at position 696, as strains QH0705 (AF277066) (72), R214 (AY773339) (73) , and 10NG040248 (KX389608) (74) have serine, cysteine, and glycine substitutions, respectively. Thus, the dominant presence of a positively charged residue in this position suggests that a residue at the core of the bilayer facilitates a network of water-residue hydrogen bonding that likely plays a critical functional role in stabilizing the α-helical bundle, modulating the stability of the trimer and supporting the trimer integrity in an asymmetric membrane environment that is typical for viral fusion.
Several mutagenesis studies have been performed on R696, with R696A reducing cell-cell fusion and R696L eliminating fusion (21, 68) . Given the conservation of charged residues at position 696 and the observation of water and chloride ion interactions at this interface, the combination of previous experiments showing water exchange into the trimer core (24) and the simulations performed here suggests that water serves to screen the high charge density at the trimer interface and facilitates the formation of the network of interactions formed by R696 to stabilize the trimer unit that are required for subsequent membrane-fusion events. Expanded views of arginine residues in the center of the membrane (R696) and at the membrane-water interfaces (R683 and R707) are shown for reference. The indicated arginine residues are shown in stick.
Effects of lipid asymmetry on membrane properties and protein dynamics
In addition to membrane hydration, the presence of the TMD perturbed the membrane structure (Figure 4 ). The lateral area per lipid (APL) of both leaflets from each independent replicate of the TMD-membrane simulations was significantly reduced compared to the membrane-only control ( Figure 4A ). Further, the thickness of the membrane decreased, particularly in local deformations around the transmembrane helices ( Figure 4B ). NMR and MD studies of other molecular systems showed that arginine and membrane-flanking residues can cause membrane thinning to accommodate stabilization of hydrophilic or charged sidechains (75, 76) . Taken together, the observed membrane thinning is likely due to the interfacial interactions of R683 and R707 on the exofacial and cytofacial leaflets, respectively ( Figure 3C ). Phospholipid composition and membrane properties have been observed to affect water ordering at membrane interfaces (77) . Thus, the HIV membrane lipid composition (22, 78) and local perturbations in lipid properties (Figure 4 ) likely contribute to both viral entry and the potency and/or specificity of antibodies targeting the MPER. These properties are inherently a function of both protein and lipid dynamics. To describe the distribution of lipids around the TMD and identify any specific interactions of importance, we computed radial distribution functions (RDF) of lipid occupancy around each protein chain of the trimer. On the exofacial leaflet, POPC, PSM, and CHOL showed no preference for interacting with the TMD (Figures S12 and S13) . In contrast, in the cytofacial leaflet, POPE and SDPE were modestly enriched around the protein over time, with POPE approaching the TMD trimer more closely and SDPE accumulating at a radial distance of ~1 nm (Figure S13 , S14). The remaining lipids in the cytofacial leaflet (SOPS and CHOL) were distributed homogeneously.
The molecular volume of a lipid is related to APL and serves as an additional descriptor of the packing within the membrane. We computed the molecular volumes of POPE and SDPE lipids, finding that there was a bimodal distribution for each ( Figure  5A ). The smaller peak at larger volume led us to investigate whether or not there was an impact of the protein on the lipid volumes. To this end, we plotted the individual lipid molecular volumes as a function of the minimum distance between the lipid and any peptide chain, using only non-hydrogen atoms for the calculation. Probabilities of lipid volumes as a function of distance were converted to free energy ( Figure 5B,C) , G = -kTln[P(V m ,r)], where P is the probability of a given volume (V m ) occurring at a given distance (r). Results of these calculations are shown in Figure 5B ,C. As the lipids packed against the TMD, their molecular volumes increased. This behavior suggests an entropic driving force for this association. The peptide chains sample a wide range of tilt angles, with dominant sampling around 5, 16, and 28 ( Figure S15 ). The average peptide tilt angle over the last 250 ns of all simulations was 16.7 ± 7.5, and the unsaturated chains of POPE and SDPE mirrored this value. In SDPE, the docosahexaenoyl chain had an average tilt of 16.7 ± 11.7 and in POPE, the oleoyl chain had an average tilt of 16.3 ± 10.6.
The complementarity of the lipid geometries with the peptides suggests that unsaturated lipids are particularly amenable to the tilt in the TMD trimer that is required for it to take up water and ions as part of its shift in conformational ensemble. Together, these data suggest an entropic driving force for the conformational changes observed in the TMD. That is, tilting of the transmembrane helices allows the trimer to sample a greater volume, as the structure converts from sampling a cylindrical volume to a conical volume. This process is driven by helical precession entropy, which is used to overcome the free energy barrier to membrane deformation and contributes to the membrane thinning shown in Figure 4 (79) . The commensurate increase in lipid molecular volume upon approaching the trimer gives rise to a similar entropic gain in the lipids. Thus, the interactions of the TMD with the asymmetric membrane are characterized by hydrogen bonding interactions, contributing to favorable enthalpy, as well as entropic driving forces that promote conformational change as a function of specific protein-lipid interactions. 
Conclusions
We have created a dynamic model for the gp41 TMD of the HIV-1 Env in a lipid bilayer and show that results from MD simulations are consistent with available biophysical and cellular experimental data. Additionally, by using an asymmetric membrane that contains near-native viral lipid composition, we have advanced towards understanding the role of conserved residues, protein dynamics, and sidechain positioning that influence the dynamics and membrane interactions of the prefusion TMD trimer. Through these simulations, we have obtained a greater structural and thermodynamic characterization of this important viral protein. Our data suggest that water molecules and anions permeate transmembrane Env to stabilize the buried R696 trimer and that the membrane likely thins as a result of peptide tilting and subsequent increases in nearby lipid molecular volumes, suggesting an entropic driving force for conformational change and membrane perturbation. These results provide a basis for rational therapeutic design targeting the transmembrane region and MPER and will be increasingly powerful as the relationship between the antigenic surface of Env and the transmembrane domain becomes apparent.
